ABSTRACT The bacteria Bacillus thuringiensis subsp. israelensis and Bacillus sphaericus produce insecticidal toxins used to control mosquito larvae throughout the world. Unfortunately, there are few alternative insecticides with similar activity and environmental safety, which may limit the long-term success of these insecticides. Bacillus thuringiensis subsp. jegathesan is another bacterium with toxins that are active against mosquitoes and has potential for development as a commercial product. B. t. subsp. jegathesan would be ineffective if cross-resistance was detected or if treated mosquito populations evolved resistance. B. t. subsp. jegathesan was evaluated for its potential for selecting insecticide resistance in Culex quinquefasciatus Say. Susceptibility changes in mosquitoes selected with the wild-type strain were compared with susceptibility changes in mosquitoes selected with Cry11B, a component toxin of B. t. subsp. jegathesan. Resistance was detected in generation 18 in the Cry11B-selected colony, reached a maximum of 38-fold, and was present through generation 40. The B. t. subsp. jegathesan-selected colony evolved 13-fold resistance in generation 22, but resistance declined to 2.3-fold in generation 26 and remained low throughout the study. Cry11B-selected mosquitoes showed no signiÞcant resistance to the wild-type bacterium, whereas B. t. subsp. jegathesan-selected mosquitoes expressed signiÞcant resistance to Cry11B. Both colonies displayed cross-resistance to component toxins of B. t. subsp. israelensis, but they lacked cross-resistance to that wild-type strain. The patterns of resistance and cross-resistance in this study are consistent with the patterns previously observed in mosquitoes selected with B. t. subsp. israelensis and suggest that B. t. subsp. jegathesan might also be at low risk for resistance.
OPERATIONAL FIELD USE AND LABORATORY selection studies using the bacterial strains Bacillus sphaericus and Bacillus thuringiensis subsp. israelensis have revealed important differences in the insecticide resistance risk for these two materials. Resistance can be readily selected using B. sphaericus under laboratory selection (Rodcharoen and Mulla 1994, Wirth et al. 2000) and has been detected in Culex Þeld populations in several locations (Sinè gre et al. 1994 , Rao et al. 1995 , SilvaFilha et al. 1995 , Yuan et al. 2000 . In contrast, longterm use of B. t. subsp. israelensis has not selected for resistance in Þeld populations (Becker and Ludwig 1993, Becker 1997) nor does resistance evolve beyond 3Ð 4-fold under laboratory selection pressure (Goldman et al. 1986, Georghiou and . The difference in resistance risk may be related to differences in the toxin complexity of B. sphaericus and B. t. subsp. israelensis. B. sphaericus has a binary toxin that targets a single receptor type (Silva-Filha et al. 1999) , whereas B. t. subsp. israelensis expresses a complex of four major toxic proteins (Cry4A, Cry4B, Cry11A, and Cyt1Aa) belonging to at least two unrelated toxin classes (Delé cluse et al. 2000) . Furthermore, the toxicity of wild-type B. t. subsp. israelensis is enhanced because of interactions among its component toxins (Poncet et al. 1994 , Crickmore et al. 1995 , particularly synergy involving Cyt1Aa (Wu and Chang 1985) . Selection experiments demonstrated that Cry-resistance evolved more slowly and to a lower level in the presence of Cyt1Aa than in its absence .
The lack of alternative bacterial strains other than B. sphaericus and B. t. subsp. israelensis is a serious limitation for mosquito control. A number of mosquito-active B. thuringiensis strains have been identiÞed (Ragni et al. 1996) and among those strains, Bacillus thuringiensis subsp. jegathesan has activity comparable with that of B. t. subsp. israelensis (Seleena et al. 1995) and thus has potential for further development as a mosquito larvicide. However, any such development would be impractical if mosquitoes evolved insecti- 
Materials and Methods
Mosquito Strains. Three colonies of Cx. quinquefasciatus were used in this study. A synthetic parental colony, Syn-P, was developed from Ϸ100 egg rafts collected in 1995 from Þve Þeld sites in southern California. Those mosquitoes were reared and sorted to species according to Bohart and Washino (1978) . Offspring from each collection were pooled to form a parental colony that was reared under standard laboratory conditions for a year before selection began. Two selected colonies, Cry11B-selected and B. t. subsp. jegathesan-selected, were derived from Syn-P.
Microbial Strains. Lyophilized powders of crystal/ spore preparations were used for all selections and bioassays. B. t. subsp. jegathesan (Seleena et al. 1995) and B. t. subsp. israelensis (preparation IPS80, Pasteur Institute, Paris, France) were wild-type bacterial strains. Six recombinant strains that produced toxins, alone or in combination, in acrystalliferous strains of B. thuringiensis were used and named after the toxins they expressed. Cry11B and Cry19A were produced in B. thuringiensis subsp. thuringiensis SPL407 (Delé cluse et al. 1995, Rosso and Delé cluse 1997) . Cry11A (Chang et al. 1992) , Cry4A ϩ Cry4B (Delé cluse et al. 1993), Cry4A ϩ Cry4B ϩ Cry11A (Delé cluse et al. 1991) , and Cyt1Aa (Wu and Federici 1993) were produced in B. thuringiensis subsp. israelensis 4Q2-81.
Bacterial strains were grown on solid or liquid media as described previously (Delé cluse et al. 1991 (Delé cluse et al. , 1993 (Delé cluse et al. , 1995 Chang et al. 1992; Wu and Federici 1993) . Sporulated cells were washed in 1 M NaCl and/or distilled water, sedimented, and the pellets were lyophilized. Assays and selections used suspensions of lyophilized crystal/spore powders that were prepared in distilled water and homogenized with Ϸ25 glass beads. Stock suspensions were prepared monthly and 10-fold serial dilutions were prepared weekly as needed. All suspensions were stored at Ϫ20ЊC when not in use.
Selections and Bioassays. Early fourth instars were selected by exposing groups of 1000 larvae to suspensions of lyophilized crystal/spore powders of either B. t. subsp. jegathesan or Cry11B in 1000 ml of deionized water in enameled metal pans for 24 h. An average of 11,400 and 12,500 larvae were selected for the Þrst 26 generations of B. t. subsp. jegathesan-selected colony and the Cry11B-selected colony, respectively. Mortality averaged 61.5% (s ϭ 18.5) for the B. t. subsp. jegathesan-selected colony and 62.5% (s ϭ 13.8) for the Cry11B-selected colony. Control mortality was Ͻ1%. After 24 h, the survivors were transferred to clean water, fed, and allowed to continue development. Generations 1Ð26 were segregated and generations 27Ð 40 were permitted to overlap.
Bioassays exposed groups of 20 early fourth instars in 100 ml of deionized water in 8-oz. plastic cups. Ten to 15 concentrations producing mortality between 2 and 98% plus an untreated control were used for each test and replicated Þve times on Þve different days. Dead and moribund larvae were counted after 24 h. Data were subjected to Probit analysis (Finney 1971) by using a program written for the PC (Raymond et al. 1995) . Lethal concentration (LC) values with overlapping Þducial limits were not considered to be signiÞcantly different. Resistance ratios (RRs) were calculated by dividing the LC 50 or LC 95 value of the selected colony with the values from concurrent assays on the parental Syn-P colony. Colonies were assayed every third or fourth generation. Toxin mixtures were prepared based on the weight of the crystal/spore powders. Interaction between toxins was evaluated by the method described by Tabashnik (1992) in which the expected toxicity of the mixture was predicted from the weighted harmonic mean of the toxicity of the individual components. The synergism factor (SF) at the LC 50 and LC 95 value was calculated by dividing the observed toxicity value for a speciÞc toxin combination with the expected value predicted from the harmonic mean. If the ratio was Ͼ1 the interaction was considered to be synergistic, if the value was equal to 1 the interaction was additive, and a value Ͻ1 was antagonistic.
Results
The lethal concentration values and resistance ratios for the B. t. subsp. jegathesan-selected colony, the Cry11B-selected colony, and concurrent values for the parental Syn-P colony are reported in Tables 1 and  2 . SigniÞcant resistance was Þrst detected in generation 18 of the Cry11B-selected colony, with resistance ratios of 6.7 and 21.7 at the LC 50 and LC 95 , respectively. The resistance ratios increased to 27.3 and 38.8 at the LC 95 in generations 22 and 26, respectively. After 40 generations of selection pressure, the resis-tance ratio was 21.8 at the LC 95 (Table 3) . Mosquitoes selected with B. t. subsp. jegathesan evolved resistance in generation 22 (RR ϭ 13.1 at the LC 95 ) (Table 1) . However, the resistance ratio declined to 2.3 by generation 26 and remained low, 2.1, in generation 40 (Table 3) .
Resistance and cross-resistance to the wild-type strains and various component toxins from both B. t. subsp. jegathesan and B. t. subsp. israelensis were evaluated in generation 40 for both selected colonies ( Cyt1Aa combined with Cry11B was synergistic toward the two resistant colonies but not against the susceptible Syn-P colony. SF values ranged from 2.7 to 5.2 against the Cry11B and B. t. subsp. jegathesan- -resistance spectrum of B. t. subsp. jegathesan, B. t. subsp. israelensis, and various component declined in subsequent generations, suggesting that it was unstable. In contrast, larvae selected with Cry11B, a component toxin from B. t. subsp. jegathesan, evolved resistance after 18 generations of selection pressure and that resistance was consistently detected up to generation 40. In this study, mosquitoes evolved resistance under selection with a single toxin, whereas little resistance evolved in mosquitoes selected with the wild-type bacterium that expressed a diverse mixture of toxins, a pattern previously observed in selection studies with B. t. subsp. israelensis. Selection with wild-type B. t. subsp. israelensis resulted in very low levels of resistance, whereas substantial resistance evolved in mosquitoes selected with its component Cry toxins . Interestingly, resistance to Cry11A, which is related to Cry11B, occurred more rapidly and reached higher levels in that study than selection here with Cry11B. Resistance to Cry11A was Ϸ50-fold after 16 generations of selection pressure and eventually reached Ͼ1000-fold (Wirth et al. 2003 ).
Resistance did not exceed 40-fold in the Cry11B-selected colony, which suggests Cry11B cannot induce the same high levels of resistance as Cry11A, or the founding population, Syn-P, lacked the genetic variability to develop extremely high levels of resistance to Cry11B. The latter is less likely because under selection with Cry11A, the Syn-P colony evolved Ͼ1000-fold resistance in 16 generations (unpublished data). Cry11B has only 58% amino acid identity with Cry11A and is much more toxic (Delé cluse et al. 1995 , Wirth et al. 1998  (Wirth et al. 1998) . The exception to this pattern was Cry19A, which was very active against the B. t. subsp. israelensis-resistant mosquitoes (Wirth et al. 2001) .
Cyt1Aa from B. t. subsp. israelensis was previously shown to synergize and suppress resistance toward B. t. subsp. israelensis Cry toxins in mosquitoes ) but was less effective at suppressing crossresistance to Cry11B against the same colonies (Wirth et al. 1998) . In this study, Cyt1Aa was again more effective in combination with Cry11A than with Cry11B; synergism factors were higher and cross-resistance was more completely suppressed in mixtures containing Cry11A. It should be noted that when Cyt1Aa was present, resistance to Cry11B was significantly reduced in both selected colonies. It is possible that greater synergy and more complete suppression of resistance may occur when Cry11B is combined with its natural companion toxin Cyt2Bb1 or with another cytolytic toxin. Alternatively, differences in the mode of action of Cry11A and Cry11B may affect their interaction with Cyt1Aa.
Although mosquitoes selected with B. t. subsp. jegathesan evolved low resistance to the wild-type bacterium, that same colony evolved higher resistance toward two component toxins, Cry19A and Cry11B. This pattern was also observed in mosquitoes under long-term selection with B. t. subsp. israelensis; mosquitoes evolved resistance to three component Cry toxins after selection with B. t. subsp. israelensis, but those same mosquitoes were not resistant to the wildtype strain . These data suggest that both wild-type strains remain very toxic against mosquitoes, even though they express moderate-to-high resistance to some of the component toxins.
The cause of the high activity of B. t. subsp. jegathesan is not fully understood; although characteristics it has in common with B. t. subsp. israelensis raise some interesting possibilities. The lack of high resistance could be due to the inherent difÞculty in evolving and sustaining resistance to its naturally occurring toxin mixture. However there is evidence that some toxin mixtures can select resistance in insect populations. For example, the lepidopteran-active strain Bacillus thuringiensis subsp. kurstaki strain HD-1 contains a mixture of Þve toxins, Cry1A(a), Cry1A(b), Cry1A(c), Cry2Aa, and Cry2Ab (Tabashnik 1994) , from two related toxin classes (Crickmore et al. 1998) . Diamondback moths evolved Ͼ1000-fold resistance after intensive treatment with HD-1 and that resistance also extended to its component toxins (Tabashnik et al. 1993) . Another possible explanation is Cry11B is solely responsible for toxicity because alone it is almost as toxic as B. t. subsp. jegathesan (Delé cluse et al. 1995) . However, were Cry11B solely responsible for toxicity, then higher resistance, similar to the Cry11B-selected colony, would be expected. Synergy among its toxins might contribute signiÞcantly to the activity of B. t. subsp. jegathesan, because in B. t. subsp. israelensis, synergy among the Cry toxins and especially between Cyt1Aa and the Cry toxins is responsible for its high toxicity Chang 1985, Crickmore et al. 1995) . Both B. t. subsp. israelensis and B. t. subsp. jegathesan express a cytolytic toxin, a class of toxins that differs markedly in amino acid composition and in their mechanism of action from Cry toxins and that is predominantly present in dipteran-active B. thuringiensis strains (Butko et al. 1997) . Furthermore, synergy with Cyt1Aa and other cytolytic toxins is known to suppress high levels of resistance in mosquitoes (Wirth et al. , 2001 ). Although synergy is well documented for B. t. subsp. israelensis, it is not known whether it is present among the component toxins in B. t. subsp. jegathesan. Unfortunately, until the toxicity of each component toxin is studied and their interactions tested, the source of high activity of B. t. subsp. jegathesan and the low resistance in selected mosquitoes cannot be fully established.
In conclusion, laboratory selection studies suggest that B. t. subsp. jegathesan may be at low risk for inducing resistance in mosquito populations. This observation is consistent with previous laboratory and Þeld studies with another mosquito-active bacterial strain, B. t. subsp. israelensis. Both strains express a highly diverse mixture of crystal and cytolytic toxins, and it is possible that toxin complexity and interactions among the different toxins may contribute to a lower risk for resistance. More importantly, the lack of crossresistance between the wild-type forms of B. t. subsp. jegathesan and B. t. subsp. israelensis suggests the former could be useful in integrated mosquito control strategies. Ultimately, understanding the factors inßu-encing the evolution of insecticide resistance is important for identifying microbial strains at low risk for inducing resistance or developing strategies to combat resistance.
